Juvenile french and white grunts (Haemulon jlavolineatum and Haemulon plumierl) rest over coral colonies during the day and feed only at night in surrounding seagrass beds. We examined the amount of nitrogen, phosphorus, particulate organic carbon, and calories which these fishes deposited over the coral colonies that were their resting sites. Weight-specific rates of nitrogen excretion by grunts decreased with increasing fish size. Rates of phosphorus excretion were not related to fish size. Excretory products were rich in nitrogen (molar N:P = 48), primarily ammonium, whereas fecal material was richer in phosphorus (N:P = 8). Feces leached over half of their phosphorus content within the first day. Half of the daily excretion and defecation occurred during the first 4 h after grunts returned to the reef, in which time they doubled the amount of NH.,+ available to corals under calm conditions. Seasonal patterns of nutrient and particulate organic carbon (caloric) input to coral colonies varied with grunt biomass on the colony. The maximum input to colonies of Porites jiircata from grunts occurred during August, which coincided with the time of highest coral growth rate. Grunts deposited an average of 164 and 251 mg m-2 d-' of particulate organic carbon (feces) on the P. furcata and Acropora palmata colonies over which they rested, an energy supplement to the colonies of 0.8 and 1.2 kcal m-2 d-l. Rates of nutrient and organic matter input from grunts are comparable to or greater than rates observed in other naturally or artificially enriched ecosystems.
Although most fishes appear to play a minor role in nutrient cycling on coral reefs (Pomeroy 197 5) , fishes have been shown to be a significant nutrient source in some freshwater ecosystems (Durbin et al. 1979; Paulson 1977 ) and a source of organic carbon in a marine ecosystem (Bray et al. 198 1) . Waste from migrating herbivorous fish has been suggested as an important source of detritus and nutrients on coral reefs (Smith and Marsh 1973; Faulkner and Chesher 1979) . Fish defecation and excretion through their gills can provide such essential nutrients as nitrogen and phosphorus to primary producers. Fish may be a significant nutrient source when they occur at high densities in nutrient-poor areas, or when they transport limiting nutrients from one part of the ecosystem to another (e.g. from the benthic to pelagic community). Reef fishes in several families fit this description: they rest in dense aggregations over and in coral colonies, and they migrate from feeding 1 This research was supported by NSF grant OCE 79-19406. 2 Present address: Department of Biological Sciences, University of California, Santa Barbara 93 106.
areas off the reef to resting areas on the reef (Hobson 1973; Helfman 198 1) .
We have been studying one such family of reef fishes, the haemulids or grunts. Juvenile french and white grunts (Haemulon Jlavolineatum and Haemulon plumierr) form dense resting aggregations over coral colonies during the day and feed on invertebrates at night in the surrounding grassbed. Schools in Tague Bay, St. Croix, return to the same colony each day and some colonies have had grunts for several years (Ogden and Ehrlich 1977; McFarland et al. 1979; Helfman et al. 1982) . On an annual basis grunts provided a significant nitrogen and phosphorus supplement to the corals over which they rested (Meyer et al. 1983) . Coral growth was more rapid in the presence of grunts (Meyer et al. 1983; Meyer and Schultz 1985) . We report here the temporal pattern and size-specific rates of grunt nutrient excretion and feces production as well as rates of leaching and bacterial colonization of grunt feces. This information is then used to calculate seasonal rates of nutrient, particulate organic carbon, and caloric input by grunts to six coral colonies.
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Procedures
Grunts used in the experiments were collected in Tague Bay, St. Croix, U.S. Virgin Islands. They were captured by placing a seine across their dawn migration route and then funneled into a 1-m" plastic bag with screening at one end. The bag was closed, brought to the surface, and the fish were immediately transferred to the experimental chambers, and the experiments begun. Fish were out of water for < 5 s. There were no signs of regurgitation or damage due to handling. Experimental chambers were 4-or 20-liter plastic beakers containing 2 or 5 liters of filtered seawater (Gelman A/E glass-fiber filters). From 1 to 5 (3 = 2) fish were placed in each chamber. The data reported here are from 32 chambers with 57 grunts. Experiments were conducted during January, April, and August 1980.
The chambers were kept at ambient temperatures (25"-29°C) in a bath of flowing seawater. We could not use airstones to aerate the chambers continuously because air bubbles strip NH,' from the water. Therefore we aerated the water hourly by withdrawing and forcefully reinjecting water into the chambers three times with a 50-ml syringe.
We kept the fish in the chambers over the 1 l-l 3-h period from dawn to dusk, when they would normally be resting over the coral colony. Fecal pellets were removed each hour. Water samples (50 ml) were taken with a syringe after 1, 2, 4, 6, and 8-10 hours. At the end of the experiment (1 l-l 3 h), the fishes were killed, freeze-dried, and weighed.
The chambers' contents were filtered and the filters and all fecal pellets collected freezedried and weighed before nutrient analysis. Total nitrogen and phosphorus content of the fecal material was determined with a modified Kjeldahl digestion (Technicon 1977 Menzel and Corwin 1965) , and for some experiments N03- (Strickland and Parsons 1972) . These data were used to calculate the total amount of N and P produced by the grunts over the experimental period. Rates of nutrient excretion were then related to mean fish weight by regression analysis.
Particulate organic carbon (POC) content was determined on feces collected hourly from 238 fish held in an aquarium from dawn to dusk (n = 9). We determined ashfree dry mass (AFDM), after freeze-drying, by combustion at 450°C for 4 h and caloric content with a Phillipson microbomb calorimeter.
Amount of nutrients, POC, and calories added to individual coral colonies could be calculated from the regressions of excretion and defecation rate vs. fish weight and from data on biomass and size distribution of grunts resting over corals. The excretion rate regressions &no1 g-l d-l vs. g dry wt) were based on fish from 0.3 to 14 g dry wt. If smaller or larger fish were present on the coral colonies, we used the specific excretion rate for a fish weighing 0.3 or 14 g to calculate amount of nutrients added to the colony.
We used a photographic technique to estimate abundance and size distribution of grunts on three Porites furcata and three Acropora palmata colonies in Tague Bay. Porites colonies ranged in size from 5 to 53 m2(.?= 24)andfrom2.5 to39m3(X= 16), while Acropora colonies were 18-77 m2 (X = 41) and 17-155 m3 (X = 72). Each colony was sampled on at least four dates over a year (1980 or 198 1) . Numbered meter sticks placed vertically in the school and photographed from several angles were used to estimate the lengths of all fish properly oriented and as a location guide when counting fish. About 10% of all fish counted could be measured on Acropora colonies and 20% on Porites colonies.
Total biomass was calculated from the total number of fish, the size-frequency distribution of the measured subsample, and a length-weight regression developed from 108 fish [In (dry weight in g) = 2.669 + 0.0496 In (std length in mm), r2 = 0.96, P < 0.000 11. Dry weight was 28.1 k 0.3% ofwet weight. The accuracy of the biomass estimate was determined by removing and measuring all fish on two colonies after photographing them. Because these photographic estimates were 67 and 7 1% of the biomass harvests, the data presented here are probably underestimates of the grunts' nutrient contribution.
We also examined changes over time in bacterial abundance in grunt feces and rates of nutrient leaching from feces. Fecal pellets were collected from fish held in aquaria after capture on their dawn migration (as above). Leaching rates of TDN, NH4+, and MRP from pellets (X = 3.8 mg) were measured in triplicate over 5 h in containers with 10 ml of filtered seawater. Leaching rate of TDP was measured with pellets (X = 8.0 mg) in 21 containers containing 20 ml of filtered seawater for 4-10 h. We calculated leaching rate from measurements of nutrient concentration in the water at the end of the experiment.
In two longer term experiments, fresh fecal pellets were placed in plastic scintillation vials, covered with three layers of fiberglass screening, and held in a bath of flowing seawater. Vials were removed and their contents filtered after 12 h, and then daily for 1 week. On each day dry weight and total N and P content were determined on particulate material from three vials, and bacterial abundance was estimated on particles from two vials either by direct counts of cells mg-' by epifluorescence (acridine-orange) or as nM ATP mg-' after a 5-min extraction in boiling bicarbonate (Bancroft et al. 1976 ).
Results
Bacterial activity in the experimental chambers could reduce the observed final concentrations of dissolved N and P and cause us to underestimate rates of nutrient excretion. To determine if this was occurring, we removed all fish from an experimental chamber after 2 h and followed N&+, TDN, MRP, and TDP concentrations for the ~remainder of the 13-h period. There was no significant change in TDP concentration, while MRP, TDN, and NH,+ concentrations decreased 0.16, 1.2, and 3.9 pmol liter-'. These changes represent < 1% of NH,+ and TDN and 10% of MRP mean final concentration in all experiments. We conclude that although bacterial activity in the chambers may have led to slightly reduced estimates of MRP excretion, it had no significant effect on our estimates of TDP, TDN, or NH,+ excretion rates.
Generation of nitrogen and phosphorusWeight-specific rates of nitrogen generation decreased as fish weight increased for all forms of nitrogen measured ( Fig. 1 , Table  1 ). No generation of nitrate was detected. Weight-specific rates of phosphorus generation showed little consistent change with fish weight (Table 1) . Mean rates (+95% C.L., used throughout paper) measured were 1.49 + 0.45 pmol g-l d-l for MRP, 2.01 + 0.34 for TDP, and 4.54 t-2.30 for particulate P. NH4+ excretion accounted for 85 & 4% of TDN excretion and 65 t 4% of total N generation, while MRP accounted for 73 f 6% of TDP excretion and only 30 * 5% of total P generation. NH,+ represented a greater fraction of total dissolved N as fish size increased (Fig. 1) . The dissolved fraction was relatively rich in N with a N:P (atomic) ratio of 48 + 9, whereas the particulate fraction was rich in P (N:P = 8 t 1). The N:P ratio for particulate and dissolved fractions combined was 22 + 3.
The temporal pattern of NH,+ excretion is presented in Fig. 2 . Hourly excretion rates were highest early in the day and declined exponentially.
In contrast, hourly rates of MRP excretion did not change consistently through the day. We considered the observed NH,+ excretion rate to be a composite of two rates: a basal NH4+ excretion rate when guts were empty and an exponentially declining excretion rate through the day as guts were emptied. There was no significant change in excretion rate after 7 h (Fig. 2) , so the mean of all rates measured after 7 h was taken as the basal excretion rate. Excretion rate during the first 7 h was fit with a negative exponential (Fig. 2) .
On one occasion grunts were collected Table 1. during the evening migration and excretion rates measured until dawn (n = 6 fish). Total N generation was 7 1 f 8% of that predicted from the logarithmic regressions developed for fishes during the day (Table 1) . Nighttime rates of P generation were only 25 -t 7% of rates predicted from the daytime logarithmic regressions.
Fecal pellets-Most feces are produced early in the day (Fig. 3) ; 7 1% of all feces were produced by noon. The amount of fecal material produced was a linear function of fish size (Fig. 4) . Weight of individual fecal pellets was also a linear function of fish weight. The regression of fecal pellet weight in mg (Y) vs. fish dry weight in g (X) accounted for 56% of the observed variation in pellet size (Y = 6.14 + 1.63X, n = 27).
Feces were highly inorganic with an ash content of 80.6 + 3.7% (n = 9). When AFDM was converted to POC assuming a carbon content of 45% (Whittaker and Likens 1973) , feces contained 87 + 17 mg C g-l dry wt.
Their caloric content was 0.43 & 0.15 cal mg-' dry wt (n = 8), or 2.04 + 0.64 cal mg-' AFDM.
Fecal pellets leached both nitrogen and phosphorus, although the leachate was relatively rich in phosphorus (N:P = lo), as were the fecal pellets (N:P = 8). TDP leach- Table 1 . A summary of coefficients for regressions of nutrient excretion rate as a fun&on of fish weight. All rcgrcssions are of the form In Y = a + b In Xwhcre X is fish dry weight (g), and Y is a daily excretion rate (pmol g-j d I), with a day defined as the period from dawn to dusk that the fish spend on the reef. Fig. 2 . The temporal pattern of NH,' excretion by juvenile French and white grunts. To compensate for differences in daily excretion rate by individual fishes (Fig. l) , hourly excretion rate is expressed as a percentage of the average hourly excretion rate for the 1 l-l 3-h period of the experiment. Excretion rate during the first 7 h is predicted by the equation Y = 250 exp(-0.1846X), where X is hours since migration (and beginning of experiment) and Y is excretion rate (T* = 0.73, PZ = 142, P = 0.0001). After 7 h, excretion appears to be at the basal rate (7 1.6%) of mean daily rate. ing rates of 1.83 + 0.14 hmol g-l h-l were measured over 4-l O-h periods. Most of the phosphorus leached appeared to be MRP, since MRP leaching rates were not significantly different from TDP leaching rates. TDP leaching rates can also be expressed as a function of the amount of P present in the pellet; 2.3 f 1 .O% of the P content of the pellet was leached each hour for the 4-10-h period. If this rate holds for the first 24 h, we would predict that after 1 day the P content of fecal pellets would be reduced to 45 k 24% of its initial value. The value actually observed in the longer term leaching experiment (29%) lies within this predicted range. Our data on leaching of TDN are more limited than for P, but rates of 18 hmol g-l h-l (n = 3) were measured; only 25% of the N leached was NH,+.
After the fairly rapid leaching of N and P during the first day, there was relatively little change in pellet N or P content for the next 6 days (Fig. 5) . Microbial biomass (measured as ATP) remained relatively con- stant and began to increase only after 5 days (Fig. 5) .
Seasonal pattern of N, P, and energy import by grunts-The amount and seasonal pattern of N, P, and energy supplied by migrating grunts to six coral colonies is shown in Fig. 6 . Mean annual POC inputs were 164 + 56 mg m-* d-l for Porites colonies and 251 + 87 for Acropora colonies. The seasonal pattern of POC input was the same as that for caloric input. Porites colonies had significantly larger numbers of smaller fish than Acropora colonies. Because grunt biomass was lower, inputs of N and P were also significantly lower on Porites colonies. Although all colonies showed changes from one date to the next in the parameters examined, the variability between colonies was such that only Porites colonies showed a The seasonal pattern of inputs of each form of N and P measured is presented in Table 2 . NH,+ represented 59-77% of all nitrogen inputs, whereas MRP represented only 22-34% of all phosphorus inputs. Dissolved organic nitrogen or phosphorus accounted for only O-l 9% of total inputs. The slight differences observed between seasons and coral species in the relative importance of each nutrient form is due to differences in the size of fish present on the colonies.
Discussion
A relationship between fish weight and nitrogen excretion rate such as we observed with grunts has been observed in other fish species (e.g. Gerking 1955; Savitz 1969) . This is analogous to the weight dependence of metabolic rate, which is generally ex- (Brett and Groves 1979) . Our value for b of 0.70 for total nitrogen excretion falls within this range. We also observed a positive relationship between fish size and amount of feces produced, as has been reported for other fish species (Bray et al. 198 1) .
We observed the highest rates of nitrogen Table 4 . Estimated amounts of nutrient and organic matter deposited annually over coral colonies by grunts. These were calculated from the mean daily rates presented in Fig. 6 . Rates of nutrient input in other ecosystems arc included for purposes of comparison. (Manny et al. 1975) . $z Inputs from white ibis in the Okefcnokec Swamp (Stinncr 1983). 8 Rluc-green algae dominated reef flat (Wicbe et al. 1975) . Annual rate shown hcrc for comparative purposes was calculated as 365 x reported daily rate. II Data from diel oxvacn curves on St. Croiz south shore reefs (Adey et al. unpubl. contract rep.) . Annual rate shown here for comparative purposes was calculated as 36.5 x reported mean daily rate (n = 12).
excretion and defecation in the first 4 h of the experiment. Temporal variation in excretion and evacuation rates have been observed in other fishes related to time since feeding (Brett and Zala 1975; Durbin and Durbin 198 1) . The variation observed with grunts is also probably related to time since feeding; they have full guts and high excretion rates early in the day and empty guts and low rates at dusk. We observed lower excretion rates at night with fishes captured on the dusk migration than during the day with fish captured at dawn The lower rates at night are expected since the fish have not fed since the previous night. Some of the variability in excretion rate observed (e.g. Fig. 1 ) is probably also a consequence of time since last food and amount of food eaten in these recently captured fish. If an individual has limited success capturing invertebrates one night, its excretion and defecation rates will probably be lower the next day.
Rates of NH,+ excretion measured for grunts are compared with rates measured for other marine fishes in Table 3 . Excretion rates vary with fish size, temperature, and with quantity and type of food eaten. The rates we have measured for grunts and used in our calculations of nutrient input to the reef (Table 2, Fig. 6 ) are within the range observed for other similar-sized fishes.
Grunts added both nitrogen and phosphorus to the reef in a ratio of 22 mol N: 1 mol P, which is not significantly different from the ratio observed in tissues from these corals (Meyer and Schultz 198 5) . However the form and therefore the biological availability of the two nutrients differed. In general, grunt excretory products were nitrogen-rich, whereas fecal material and leachate were rich in phosphorus. The nitrogen added was primarily NH4+, a form of nitrogen readily available to corals (Muscatine and D'Elia 1978) . A larger proportion of added phosphorus was in the particulate fraction. Although some corals may ingest feces directly (McCloskey and Chesher 197 1; Faulkner and Chesher 1979) , much of the fecal phosphorus probably becomes available more slowly via leaching and bacterial activity. Feces leached most of their phosphorus within a day, and the phosphorus leached was MRP, probably more biologically available than organic phosphorus. However leaching fecal material is probably in the sediments rather than in the water column near the corals, where nitrogen is being added.
Grunt feces have a high ash content (80.6%) when compared with feces from four other reef fish species (14.5-72%: Bailey and Robertson 1982) . The mean caloric content of feces from the other species was 2.66 & 0.98 cal mg-l AFDW (calculated from data in Bailey and Robertson 1982) , which is not significantly different from the value we observed for grunt feces (2.04 -+ 0.64 cal mg-1 AFDW). Bray et al. (198 1) reported rates of deposition of fecal organic matter by blacksmiths, Chromispunctipinnis, a planktivore that takes shelter at night in crevices on temperate rocky reefs. Blacksmiths deposited 23 mg C m'2 d-l over their resting sites, an order of magnitude less than the amounts deposited by grunts (164-25 1 mg m-2 d-l). The difference is not due to difference in biomass of fish present. Mean blacksmith biomass was 344 g m-2 (wet wt, calculated from data in Bray et al. 198 1) ; this is the same order of magnitude as mean grunt biomass, which was 172 g m-2 over Porites colonies and 6 12 over Acropora colonies (wet wt) . The difference appears to be due to the amount of feces produced by individual fish. A 50-g (wet weight) blacksmith produced 22 mg feces per night (calculated from regression in Bray et al. 198 1) , whereas a 50-g grunt produced 227 mg feces per day, an order of magnitude greater.
The amount of nutrients and organic matter added to the corals varied seasonally as grunt biomass changed. On P. furcata colonies, maximum nutrient input occurred during August (Fig. 6 ), which is a period of warmer water temperature and high light. In another study we found that the most rapid P. furcata growth (g CaCO, deposited) in Tague Bay occurred in the period MayAugust (Meyer and Schultz 1985) . Hence for this coral species, the time of maximum inputs from grunts coincided with a period of rapid coral growth.
We can use the mean daily rates of feces deposition and nutrient generation (Fig. 6) to calculate annual inputs of nutrients and organic matter from grunts to the coral colonies over which they rest (Table 4) . POC inputs from grunts are only 3-4% of the gross primary productivity measured on St.
Croix reefs dominated by Acropora and Porites (Table 4) . Nitrogen inputs are 30-75% of nitrogen fixation rates observed on a bluegreen algae dominated reef flat (Table 4) . Rates of N and P input by grunts are comparable to or greater than the recommended rates of fertilizer application in a Georgia agricultural field (Table 4) , although one must recognize that rates of fertilizer loss may be very different in the two systems. Rates of nutrient input by grunts are much greater than nutrient inputs from Canada geese to a hypereutrophic lake and comparable to input rates observed in a wading bird rookery (Table 4) . These colonies clearly represent well fertilized patches on the reef.
The amounts of nitrogen and phosphorus imported by grunts have been compared with other sources of nitrogen and phosphorus to these coral colonies and shown to provide a significant supplement of NH,+ (30-48% of other sources), particulate nitrogen (41-59%), and particulate phosphorus (68-94%) (Meyer et al. 1983) when current velocity over the reef is low. These calculations and the data in Fig. 6 were based on average rates of nitrogen excretion for the time the fish are over the coral. Clearly excretion rates are much higher early in the day. Fully 52% of daily NH,+ excretion and 48% of feces production occurred in the first 4 h the fish were on the reef. The amount of NH,+ generated by grunts during the first 4 h after migration to the six coral colonies studied (Fig. 6 ) ranges from 90% of other NH,+ sources on Porites colonies to 109% of other NH,+ sources on the Acropora colonies when current velocity is low (0.3 cm s-'). Over that short time period the grunts are essentially doubling the amount of NH4+ available to the corals. NH,+ is taken up by corals (e.g. Muscatine and D'Elia 1978) and has been shown to increase calcification rates (Taylor 1978) . In an environment where ambient NH,+ concentrations are 0.2 pmol liter-l, grunts are adding an average of 2.5 pmol liter-' of NH,+ to Porites and 2.9 to Acropora over 4 h. Fish excretion of NH4+ is clearly a sizable supplement of an essential nutrient in a nutrient-poor environment like a coral reef.
There is some evidence that the additional nutrients, organic matter, or some other factors associated with the fish presence benefit the corals. Coral colonies with resident grunts have been observed to have higher growth rates, more coral tissue, more tissue nitrogen and phosphorus, and more zooxanthellae than corals without resident fishes (Meyer et al. 1983; Meyer and Schultz 1985) . The added nutrients and energy may also stimulate biological activity in the benthic community beneath the coral colony. Although fishes have generally been considered of minor importance in nutrient cycling on coral reefs (Pomeroy 1975) , our data suggest they can be a significant nutrient source in the areas of the reef where one finds aggregations of fishes that feed off the reef.
